Background: Although dysphagia represents a hallmark manifestation of oculopharyn-
| INTRODUCTION
Oculopharyngeal muscular dystrophy (OPMD) is a rare, adult-onset dominant muscular dystrophy with hallmark manifestations of dysphagia, dysphonia, and ptosis. Disease onset typically occurs in the fifth and sixth decades of life and a clinical diagnosis of OPMD can be made in cases of late-onset ptosis and dysphagia, with a family history of the syndrome in two or more generations. 1 A diagnosis of OPMD can be confirmed by genetic testing for a short triplet repeat expansion in the PABPN1 gene on chromosome 14. 2 Ptosis results from weakness of the levator palprebrae superioris and dysphagia from weakness of the pharyngeal musculature. 1, 3 With time, other voluntary muscles may also become affected. 1 Disease progression in OPMD is slow with normal life expectancy, although quality of life is reported to be significantly reduced. 4 
| Current knowledge of swallowing impairment and treatments in OPMD
Dysphagia can be broadly classified by impairments in swallowing efficiency and safety. Swallow inefficiency refers to incomplete bolus clearance and contributes to weight loss and malnutrition while impairments in airway safety result in aspiration, or material entering the trachea, contributing to significant pulmonary sequelae. 5 In addition to physiologic changes in swallow function, swallowing-related quality of life is moderately impacted characterized by prolonged meal-time durations and increased burden. 4 Prior studies suggest that decreased pharyngeal pressure generation and impaired relaxation and hypertonicity of the upper esophageal sphincter (UES) represent the primary mechanisms contributing to dysphagia in OPMD. 6, 7 Fibrosis and atrophy of the cricopharyngeus muscle have also been documented. 8 Not surprisingly, current treatments for dysphagia in individuals with OPMD focus on mitigating UES hypertonicity. Surgical interventions include cricopharyngeal myotomy, cricopharyngeal dilatation and/or cricopharyngeal botulinum toxin injection. 3, 9 Because UES opening is the target of these interventions, these procedures do not impact other mechanisms that contribute to oropharyngeal dysphagia including impaired lingual propulsion, pharyngeal contraction and laryngeal vestibule closure. 10 As a result, current interventions are reported to yield disappointing functional improvements in oropharyngeal swallowing 7,9,11,12 with percutaneous endoscopic gastronomy (PEG) tubes recommended for means of alternative nutrition in end stages of disease as swallow function progressively declines. 13 This is particularly impactful as severity of dysphagia is associated with pulmonary sequelae and exacerbated disease prognosis.
3
There are a number of validated outcomes to index degree of oropharyngeal swallowing impairment including indices of swallowing and bolus efficiency (Normalized residue ratio scale, NRRS), airway safety (penetration-aspiration scale, PAS), and global pharyngeal swallow function (dynamic imaging grade of swallowing toxicity, DIGEST).
To date, these validated measures have not yet been applied to delineate swallowing impairment profiles in individuals with OPMD. As such, little is known regarding the underlying physiologic impairments leading to dysphagia to guide efficacious intervention strategies in this challenging patient population.
We therefore aimed to delineate global pharyngeal dysphagia profiles in OPMD and identify the prevalence and physiologic mechanisms of identified impairments in swallowing safety and efficiency.
Because of the pathophysiology of the disease, we anticipated that swallowing impairments would be specific to muscle weakness and hypertonicity. Specifically, we hypothesized that inefficient swallowing would predominate characterized by gross pharyngeal residue because of UES dysfunction, with impairments in airway safety characterized by incomplete laryngeal vestibule closure and aspiration during and after the swallow.
| METHODS

| Participants
OPMD patients attending the University of New Mexico OPMD clinic were recruited and included in this study (convenience sample). 
Key Points
• Both swallowing efficiency and safety are affected in OPMD, with residue occurring in almost all patients and penetration/aspiration in almost two-thirds of OPMD patients in this cohort.
• Aspiration occurred only with thin and nectar thickened liquids and during the swallow.
• Physiological impairments including incomplete epiglottic inversion, and arytenoid to base of epiglottis approximation, were associated with airway invasion and postswallow residue in OPMD.
and severe (n = 1, 5%) by the primary neurologist. Mean self-reported dysphagia duration was 9.3 ( ± 5.4) and self-reported dysphagia onset was 53.2 years ( ± 9.1). This study was approved by the Institutional
Review Board at the University of New Mexico and all subjects provided written informed consent to participate. were included for airway safety, and 124 for bolus efficiency analyses.
| Procedures
| Outcome measures
| Dynamic imaging grade of swallowing toxicity
The dynamic imaging grade of swallowing toxicity (DIGEST) is a validated five-point ordinal scale created to assess both efficiency and safety of bolus flow. 14 The DIGEST yields a global grade of pharyngeal dysphagia evaluated on bolus transport during the entirety of the videofluoroscopic swallow study (vs frame-by-frame analysis). 14 DIGEST analyses were completed on all studies to determine clinically relevant categories of overall pharyngeal dysphagia severity levels. DIGEST total scores are a composite of two subscores (scored 0-4) addressing: (i) swallowing efficiency based on degree of bolus clearance, and (ii) airway safety rated by severity and frequency of laryngeal penetration and aspiration. Total and subscore grades of zero indicate functional swallowing while total and subscore grades of 4 indicate life-threatening dysphagia, with the need for immediate intervention.
| Bolus efficiency profiles
Objective measures of bolus efficiency were analyzed and calculated for each swallow in effort to corroborate DIGEST findings with objective measures of pharyngeal swallowing efficiency. Bolus efficiency was calculated on the first swallow of each bolus trial and analyzed using the validated normalized residue ratio scale scores. 15 The NRRS is a pixel-based measure of vallecular and piriform sinus residue, and were calculated as previously described in Steele et al, 2010. 15 NRRS valleculae (NRRSv) ratings ≥ 0.07 and NRRS piriform (NRRSp) ratings of ≥ 0.20 were characterized as inefficient. 
| Airway safety profiles
The primary outcome for airway safety was the penetration-aspiration scale (PAS), 17 an eight point ordinal scale indexing degree airway compromise during swallowing. Unsafe swallowing was characterized as penetration-aspiration scale (PAS) score of ≥ 3. Instances of unsafe swallowing were further classified to understand the timing of the aspiration event (before, during or after the swallow). Airway invasion before the swallow was defined as occurring prior to hyoid burst, during the swallow defined as occurring between hyoid burst and maximum hyoid elevation, and after the swallow defined as occurring after maximum hyoid elevation.
| Swallowing kinematics and anatomical ratings
Degree of laryngeal vestibule closure was rated as either: (i) complete and protective, (ii) complete and not protective, (iii) incomplete and protective, or (iv) incomplete and not protective.
Epiglottic inversion was rated as complete vs incomplete.
Presence of cricopharyngeal bar was noted and was defined by a visual observation of a narrowing of the cricopharyngeal segment.
| Statistical analysis
Descriptive statistics were first conducted for overall swallowing safety and efficiency profiles based on DIGEST scores (measures of central tendency and frequency counts). Chi-squared analyses across binary outcomes (complete vs incomplete epiglottic inversion) were conducted to identify associations with (i) airway safety and (ii) bolus efficiency. Alpha was set at P < .05.
| RESULTS
| Global pharyngeal dysphagia grade: DIGEST in OPMD Patients
DIGEST scores revealed that 96% (n = 21) of participants dem- 
| Anatomical observations during VFSE analyses
Presence of a cricopharyngeal bar was identified during VFSE analyses in 45% (N = 10) of OPMD patients. No differences in demographics, airway safety or bolus efficiency indices were revealed between patients with or without a cricopharyngeal bar (P>.05).
| Severity of pharyngeal dysphagia analyzed by bolus trial
Analysis of 134 bolus trials using binary outcomes to rate for swallow safety and efficiency (safe vs unsafe, inefficient vs efficient) revealed in rank order that approximately half (51%) of swallows in this cohort were characterized as safe but inefficient; 32% were both unsafe and inefficient; 16% were both safe and efficient; and 1% of trials classified as efficient but unsafe ( 
| Mechanisms of bolus inefficiency
Of 
| Mechanisms of compromised airway protection
Of the 163 total swallows analyzed for airway safety, 54 swallows (33%) were unsafe with material entering the laryngeal vestibule (PAS ≥ 3). Of these unsafe episodes, 9 (17%) were classified as aspiration (PAS ≥ 6). Specifically, episodes of aspiration were characterized as: material entering the airway below the level of the vocal folds with F I G U R E 1 Stacked bar chart depicting the distribution of dynamic imaging grade of swallowing toxicity (DIGEST) Efficiency and Safety subscores, and Total DIGEST scores within the cohort muscle, leading to impairments in muscle movement and coordination. 18 Specifically, cricopharyngeal muscle biopsies of OPMD individuals indicate the presence of cytokines and growth factors associated with increased muscle fibrosis, atrophy, and impaired muscle regeneration compared to age and gender matched controls. 8 Further, abnormal histological and morphological changes have been identified in the cell nuclei containing PABPN1 protein aggregates within symptomatic and asymptomatic muscle tissue, although the relationship between these aggregates and muscle function in OPMD is not fully known. 19 Thus, bolus inefficiency is likely attributable to the targeted involvement of the primary muscle of the UES, the cricopharyngeus muscle, resulting in dystrophic and atrophic changes in muscle fiber composition contributing to impaired UES relaxation and extent and duration of opening. 7, 8 Although predilection of the cricopharyngeus has been the focus of previous study in OPMD, pharyngeal skeletal muscle is also impacted with similar findings of muscle fibrosis and atrophy. The results of the current study indicate physiological impairments in epiglottic inversion, and arytenoid to base of epiglottis approximation, contributing to incomplete laryngeal vestibule closure and subsequent airway invasion and postswallow residue. Previous studies identified oral phase swallowing impairments characterized by reduced lingual pressure generation. 20 As well, studies focusing on UES function have identified impairments in cricopharyngeal relaxation and hypertonicity of the UES. 6 Analyses of specific mechanisms contributing to dysphagia throughout the oropharyngeal swallow using instrumental evaluation facilitates implementation of evidence-based treatment regimens, such as rehabilitative treatment recommendations and compensatory meal-time modifications. Considering these findings, appropriate compensatory strategies may include: (i) the effortful swallow to increase pressure generation of the base of tongue to posterior pharyngeal wall, pharyngeal constriction, laryngeal vestibule closure, and UES opening duration 21, 22 and (ii) the supraglottic swallow to improve arytenoid to base of epiglottis approximation and laryngeal vestibule closure. 23 Additionally, evidence-based rehabilitative strategies, such as the Mendelsohn maneuver, aim to improve extent and duration of UES opening and may facilitate bolus clearance.
| DISCUSSION
22
Limitations of the current study include a small sample size and the cross-sectional manner in which data were collected and analyzed leading to inferences in the presentation of swallowing impairments.
Additionally, exclusion of comprehensive timing and kinematic measures of swallow function because of inadequate frame rate capture during the videofluoroscopic swallow study. Future studies will further elucidate the pathophysiology of dysphagia in OPMD in order to develop more effective targeted treatments in a larger group of OPMD individuals studied in a longitudinal fashion to determine onset and development of specific swallowing impairments.
| CONCLUSIONS
Swallowing efficiency and airway protection in OPMD patients are negatively impacted throughout the course of the disease. including cricopharyngeal dilatation and botulinum toxin injections, swallow function must be adequately described using objective outcome measures based on swallowing physiology. In turn, efficacious compensatory and rehabilitative strategies can be implemented based on specific mechanisms contributing to dysphagia.
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